The effect of laser excitation power density on the efficiency of intrinsic defect emission in ZnO powders was characterized by varying the laser irradiance over three orders of magnitude and monitoring changes in the samples' photoluminescence. The external quantum efficiency of the visible wavelength, broadband defect photoluminescence was found to depend not only on laser irradiance but also on temperature and prior annealing conditions. This material system is potentially useful as an ultraviolet-photoexcited, white light phosphor under low-power excitation ͑Ͻ0.2 W / cm 2 ͒ at room temperature and below.
Since the introduction of nitride-based white light emitting diodes ͑LEDs͒ in the mid-1990s, much progress has been made toward improving the brightness and efficiency of the ultraviolet/blue LEDs used in phosphor-based white solid-state lighting.
1 A combination of blue LED and yellow phosphor ͑typically Y 3 Al 5 O 2 :Ce ͓YAG:Ce͔͒ remains the most common scheme for generating white light, though alternative LED-based single and multiple phosphor approaches are being pursued. 2, 3 Continued improvement in the overall efficiency of white light LEDs is clearly dependent in part on the development of highly efficient, inexpensive, and environmentally friendly phosphors. The ZnO powders discussed in this letter meet these criteria and could potentially surpass the performance of existing phoshors used for white light illumination and/or backlight applications.
Nonstoichiometric ZnO with an excess of Zn atoms, traditionally referred to as "zinc-doped ZnO" ͑ZnO:Zn͒, has a long history of use as a green/monochrome phosphor in electron-excited vacuum fluorescent and field emission displays. [4] [5] [6] ZnO:Zn emits very efficiently in the visible portion of the spectrum, with a peak emission wavelength of ϳ500 nm ͑2.5 eV͒. While the microscopic origin of the green emission remains a matter of debate, the general consensus is that singly ionized oxygen vacancies are involved in the production of this broadband defect emission. [7] [8] [9] Recently, we reported very intense and efficient white light luminescence from S-doped ZnO nanowires. 10 The unusually large ratio of green defect emission to ultraviolet ͑UV͒ near band edge emission was attributed to a combination of sulfur doping and nanostructuring in producing a high density of lattice defects. The defect-related photoluminescence from these S-doped ZnO nanowires is virtually identical in spectral position and shape to the traditional ZnO:Zn phosphor emission. As part of the continued effort to understand the physics governing the optical properties of ZnO, we consider here the effects of laser excitation density, temperature, and annealing conditions on the external quantum efficiency of the green band emission. For photoexcitation we find that the highest quantum efficiency is obtained at low-power density ͑Ͻ0.2 W / cm 2 ͒ and at temperatures below ϳ300 K.
To understand the optical properties of green-emitting defects in ZnO, three samples were comparatively analyzed. The first sample was a commercially available ZnO powder ͑Aldrich͒, hereafter referred to as "unannealed ZnO." The second "annealed ZnO" sample was prepared by sealing a portion of the unannealed ZnO in a quartz tube under vacuum and firing it for 1 h at 1000°C in a horizontal tube furnace. A third "S-doped ZnO" powder was similarly prepared by annealing the unannealed ZnO powder with 0.5% by weight of sulfur powder added to the mixture. It is worth noting that both the annealed ZnO and the S-doped ZnO samples are similar to commercially available ZnO:Zn phosphors, which are typically activated by mixing undoped ZnO powder with ZnS or S powder and firing the mixture at high temperature ͑900-1100°C͒. 11, 12 Sulfur improves the efficiency of the reducing process regardless of how much sulfur is actually incorporated into the ZnO powder. In particular, the "S-doped" designation of our powder sample refers to its preparation conditions; the amount of actual sulfur doping is unknown.
The excitation for photoluminescence ͑PL͒ measurements was provided by a continuous-wave HeCd laser operating at 3.81 eV ͑325 nm͒, well above the ZnO band gap of 3.37 eV. The laser spot on the samples was fixed at 2 ϫ 10 −4 cm 2 , and metallic neutral density filters were used to adjust the excitation power density. A small portion ͑ϳ70 mg͒ of each powder was mixed with 1 ml of methanol, dropped onto a microscope slide, and allowed to dry. External quantum efficiency measurements were performed according to a previously reported technique by mounting the slides in a 4 in. diameter integrating sphere. 13 The evolution of PL with temperature was monitored from 89 K to room temperature using a liquid nitrogen cryostat and from room temperature to 525 K by thermally coupling the samples to a hotplate. In all cases, the collected PL was fiber coupled to a 30 cm spectrometer/charge coupled device system ͑Acton/ Princeton Instruments͒. Figure 1 compares the 89 K PL spectra of the annealed and S-doped ZnO powders to that of undoped and unannealed ZnO powder for an excitation density of 0.1 W / cm 2 . The spectra are plotted on a semilogarithmic scale to demonstrate that even the unannealed sample exhibits defect emission centered at ϳ2.5 eV. The annealed sample exhibits intense green emission of the same spectral shape and position even though no sulfur was present during the firing process. This result is consistent with assertions that the defect emission is due to an intrinsic defect ͑likely oxygen vacancies͒ rather than an impurity band. Moreover, the enhancement of the green emission comes at the expense of near band edge emission intensity, thus demonstrating a competition for carriers between the two emission mechanisms. Apart from the further quenching of near band edge emission and the commensurate increase in defect emission intensity, the PL spectrum for the S-doped sample is almost identical to that of the annealed sample. Sulfur doping therefore enhances carrier capture by the radiative defects responsible for the broadband visible emission, but it does not fundamentally alter the emission mechanism itself.
As noted earlier, the spectral distribution of ZnO:Zn defect emission clearly lends itself to phosphor applications. The efficiency of this emission upon photoexcitation, however, remains largely unexplored. Figure 2 shows the photoexcitation power dependence of the room temperature, spectrally integrated quantum efficiency ͑QE͒ from the same three samples. The undoped, unannealed sample consistently exhibits a QE of ϳ1%, indicating that nonradiative recombination is predominant in the absence of many greenemitting defects. The green-emitting defects created by annealing/doping are very efficient emitters, especially at low excitation density. While a maximum efficiency of ϳ55% was observed for this lightly S-doped powder, we have observed efficiencies as high as ϳ75% for higher doping concentrations, and further improvement may be possible by optimizing the excitation wavelength. It is also clear from Fig. 2 that the addition of sulfur causes the quantum efficiency to fall off more slowly with increasing photoexcitation density compared to the annealed sample.
To explore the quenching of quantum efficiency with increasing excitation density, we analyzed the individual power dependences of the spectrally integrated near band edge ͑UV͒ and green ͑GR͒ PL intensities in this same excitation regime for the annealed sample. For each power density, the PL spectrum was fit by a convolution of single Lorentzian and Gaussian peaks for the UV and GR emissions, respectively, in order to extract the individual, spectrally integrated behaviors. As Fig. 3 illustrates, the integrated GR PL intensity follows a power-law behavior with exponent 1.13± 0.03 for excitation densities Ͻ0.2 W / cm 2 . Above this excitation density, the GR PL grows sublinearly, evidence of a competing nonradiative recombination pathway. The power dependence of the UV emission, on the other hand, consistently obeys a power law relation with exponent 1.12± 0.02 throughout the entire excitation regime, as expected for exciton-related recombination. 14 We note that the excitation density at which the QE begins to drop in Fig. 2 ͑0. 2 W / cm 2 ͒ corresponds to the excitation density at which the GR PL begins to grow sublinearly. This strongly suggests that the overall quantum efficiency decreases above 0.2 W / cm 2 due to competition for carrier capture between the highly efficient GR-emitting defects and an increasingly active, carrier density-dependent nonradiative relaxation channel.
In addition to the quenching of GR PL intensity at high excitation densities, it was found that the defect emission was severely quenched at lattice temperatures above 300 K. Although temperature dependence of the broadband QE could not be performed with our experimental setup, we can deduce its general behavior through the temperature dependence of the integrated GR PL intensity, just as the power dependences of GR emission and QE were correlated. Figure  4 shows temperature dependences of the UV and GR PL intensities from room temperature to 525 K for the same representative sample ͑annealed ZnO͒. The large ͑60 meV͒ exciton binding energy of ZnO ensures that exciton-related emission persists to high temperatures, and by 525 K it has only decreased to 50% of its room-temperature value. The GR PL intensity, however, is strongly quenched according to Arrhenius law: 15 I PL ϳ͑1+Ae −E a /kT ͒ −1 . A fit to the data, shown as the dotted curve in Fig. 4 , gives a thermal activation energy of E a = 450 meV. This energy can be interpreted as the energy required to release minority carriers ͑holes͒ from the vicinity of defect sites responsible for GR emission. 16 The quantum efficiency of YAG:Ce phosphors in commercial white LEDs is ϳ75%. 17 We have observed similar efficiencies for highly S-doped ZnO powders for excitation Շ1 W/cm 2 . Currently available low-power UV LEDs, which could be used as an excitation source for these ZnO powders, emit ϳ2 mW over an active area of ϳ0.01 cm 2 , yielding a power density of ϳ0.2 W / cm 2 .
18 By physically locating the ZnO phosphor in the dome of the LED and further reducing the excitation power density, the powder would emit with maximum QE ͑Fig. 2͒. High-power UV LEDs, on the other hand, currently have output powers ϳ250 mW ͑ϳ25 W/cm 2 ͒. 18 Even with the power density reduction achieved by spatial separation of the emitting die and the phosphor, the excitation would exceed 0.2 W / cm 2 . It is clear from Figs. 2 and 3 that the QE of annealed/doped ZnO powders is much lower at such high excitation densities because of competition from nonradiative recombination. This nonradiative channel must be mitigated for high-QE operation to extend to higher photoexcitation power densities, and the data in Fig. 2 suggest that sulfur doping may play such a role.
Yellow emission in YAG:Ce does not suffer from thermal quenching until տ400 K, 19 whereas defect emission in ZnO begins to quench at 300 K. This thermal quenching appears to be an intrinsic limitation on the temperature performance of ZnO:Zn phosphors, but the thermal activation energy could perhaps be altered by doping. Exploration of the connection between the QE quenching observed at high excitation densities and the thermal quenching of GR PL observed above room temperature will be the subject of a future investigation.
In summary, the highly efficient intrinsic defect PL in ZnO powder is found to depend sensitively on photoexcitation density and sample temperature. For excitation Ͻ0.2 W / cm 2 and for temperature Շ300 K, the broadband QE is high enough to warrant consideration of doped ZnO powders as a photoexcited phosphor. Future work will aim to enhance the absolute value of the QE through sulfur doping concentration and pump wavelength optimization. A more thorough understanding of the excitation and thermal quenching behaviors may lead to further optimization of the material system. 
